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Rho-Dependent Contractile Responses in the
Neuronal Growth Cone Are Independent of
Classical Peripheral Retrograde Actin Flow
grade actin flow (Figure 9A). The second structure, actin
arcs, appear in the T zone and move into the C domain,
where they contribute to central actin bundle structure.
Interestingly, MTs associated with actin arcs are less
dynamic than those in the P domain, exhibiting pro-
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duced catastrophe frequencies. Our initial report identi-New Haven, Connecticut 06520
fied arcs as a novel motile actin structure in growth
cones and raised questions about their physiological
significance.Summary
Here we have used multimode FSM (Waterman-Storer
and Salmon, 1998) to investigate effects of altering RhoRho family GTPases have been implicated in neuronal
growth cone guidance; however, the underlying cy- GTPase activity on cytoskeletal dynamics in growth
cones. Actin arcs and central actin bundles derived fromtoskeletal mechanisms are unclear. We have used
multimode fluorescent speckle microscopy (FSM) to arcs are key cytoskeletal effectors of Rho and ROCK.
Rho activity affects both the stability and contractilitydirectly address this problem. We report that actin
arcs that form in the transition zone are incorporated of actin arcs and strongly affects MT behavior as a
consequence of arc-MT interactions. When cells wereinto central actin bundles in the C domain. These actin
structures are Rho/Rho Kinase (ROCK) effectors. Spe- plated on laminin substrates, growth cone retractions
were observed in response to Rho activation by LPA.cifically, LPA mediates growth cone retraction by
ROCK-dependent increases in actin arc and central Interestingly, these well-described chemorepellant re-
sponses do not involve changes in peripheral retrogradeactin bundle contractility and stability. In addition,
these treatments had marked effects on MT organiza- actin flow or filopodium number, but rather are driven
by the contraction of more central actin structures.tion as a consequence of strong MT-actin arc interac-
tions. In contrast, LPA or constitutively active Rho had
no effect on P domain retrograde actin flow or filopo- Results
dium bundle number. This study reveals a novel mech-
anism for domain-specific spatial control of actin- Rho Regulates Actin Arc Translocation
based motility in the growth cone with implications Independent of Retrograde Flow
for understanding chemorepellant growth cone re- Actin arcs undergo slow persistent retrograde translo-
sponses and nerve regeneration. cation through the T zone (Figures 1A and 1B) and ap-
pear to play a role in regulating MT distribution and
Introduction dynamics in the C domain (Schaefer et al., 2002). Quanti-
fication of arc dynamics in well-spread growth cones
The Rho GTPases, whose major members are Rho, Rac, plated on poly-L-lysine showed that arcs are formed
and Cdc42, are molecular switches that act through from condensation of preexisting peripheral actin net-
effector proteins to regulate cytoskeletal structure, dy- works that move into the T zone by retrograde actin
namics, and cell adhesion (Etienne-Manneville and Hall, flow (Figure 1C, yellow arrowheads; see Supplemental
2002). Genetic screens and functional studies have im- Movie S1 at http://www.neuron.org/cgi/content/full/40/
plicated Rho GTPases in regulation of axon growth, 5/931/DC1). Arcs are not generated by rearrangement of
guidance, and branching (Dickson, 2001; Luo, 2000), filopodia, which also move by retrograde flow, because
and recent evidence has shown RhoA is involved in filopodia are severed and disassembled in the T zone
growth cone repulsion responses triggered by LPA, (Figure 1C, purple arrowheads; see Supplemental Movie
Ephrin A, and Semaphorin (Hu et al., 2001; Jalink et al., S1). In addition, arc formation continues immediately
1994; Wahl et al., 2000). In fibroblasts, Cdc42, Rac, and after cytochalasin treatments, ruling out a role for de
Rho have been implicated in regulation of actin struc- novo actin assembly in arc formation (data not shown).
tures found in filopodia, membrane ruffles, and stress Once formed, arcs appear to shrink along their lengths,
fibers; however, in neuronal growth cones, the cytoskel- with actin features on individual arcs often moving to-
etal effector structures involved in Rho GTPase-depen- ward one another over time (Figure 1D; Supplemental
dent responses remain unclear. Movie S2). Actin bundles are also present in the C do-
In a previous study, we found that two actin-based main (Figure 1A, yellow arrowheads). Some, if not all, of
structures, filopodia and actin arcs, had profound ef- these central actin bundles are derived from condensa-
fects on MT organization and dynamics in the growth tion of actin arcs (Figures 1E and 1F; Supplemental
cone (Schaefer et al., 2002). Polarized actin bundles in Movie S3). Once formed, central actin bundles move
filopodia guide MT growth into the peripheral (P) domain toward an apparent contractile node at the base of the
and simultaneously transport MTs rearward by retro- growth cone (Figures 1A, red circle, and 1G, kymograph;
Supplemental Movie S4). In summary, arcs are formed
periodically in the T zone and subsequently shorten*Correspondence: paul.forscher@yale.edu
1These authors contributed equally to this work. along their lengths, resulting in concentric actin filament
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Figure 1. Actin Arc Dynamics
(A) Actin filament organization in an Aplysia
bag cell growth cone showing the P domain
(P), T zone (T), and C domain (C). Yellow
boxes are regions analyzed in (C), (D), and
(G). Red circle indicates contractile node, and
yellow arrow and arrowheads point to actin
arcs and central actin bundles, respectively.
(B) Higher magnification. Boxes and arrow
denote movement of arcs from T zone to C
domain.
(C, D, and G) Examples of actin arc formation
and movement sampled from areas like
boxed regions in (A). Blue arrowheads show
region of interest orientations.
(C) Time-lapse montage of arc formation (Box
1) by condensation of preexisting peripheral
actin networks. Forming arc marked with yel-
low arrow. Note progressive disassembly of
severed filopodium fragment (purple arrow-
heads).
(D) Arcs near Box 2 and corresponding kymo-
graph (kymo) showing antiparallel movement
of arc features (i.e., bundle shrinkage) at 0.65
and 0.75 m min1 (lines 1 and 2, respec-
tively).
(E and F) Central bundles are created from
actin arcs. (F) is a time-lapse from the area
of interest in (E) (red box) showing arcs trans-
forming into central bundles. Two successive
examples are marked with green and red ar-
rowheads.
(G) Central actin bundles move toward con-
tractile node (Box 3). Kymograph shows
movement of central actin bundle features
toward node at 0.60 m min1 (line 3). Scale
bars equal 10 m.
rings that tighten around the C domain, and as actin arcs 46.3%  3.3% relative to controls (Figure 2F, Table 1).
When endogenous Rho activity was inhibited by injec-move into the C domain, they become indistinguishable
from central actin bundles. tion of C3 transferase (Ridley and Hall, 1992), arc density
was dramatically reduced (Figure 2E, arrowhead) andActin arcs were proposed to be stress fiber precursors
in fibroblasts (Heath and Holifield, 1993). Given the well- centripetal arc translocation rates decreased 34.7% 
2.5% relative to controls (Figure 2G, Table 1).characterized Rho dependence of stress fiber function,
we investigated a potential role for Rho in regulating The observed changes in arc density could be due
to a change in arc formation rate or arc stability. Weactin arcs in growth cones. Rho and actin filament distri-
bution were visualized in growth cones (Figures 2A and measured arc lifetimes, which reflect arc stability, and
found that under control conditions lifetimes were 4.02B) with an antibody that recognized a single Aplysia
protein of the appropriate MW (Figure 2C). Rho labeling 0.2 min. In CA RhoA, arc lifetimes were 5.8 0.3 min, and
in C3 they were 1.8 0.1 min (Figure 2H). Differences inwas punctate and most abundant in the C domain and
T zone, with less labeling in the P domain. The increased arc lifetime appear to be due to Rho dependence of the
rate of arc disassembly, since arc formation rates wereRho density observed in the C domain is not a pathlength
artifact, as it persisted when cells were injected with a essentially the same in CA Rho (1.46  0.08 min1) or
C3 (1.32  0.07 min1; Figure 2I) and not different from3000 MW fluorescent dextran and normalized for volume
by ratio imaging (data not shown). When cells were in- control formation rates (1.36  0.08 min1). Taken to-
gether, these results suggest that arc formation is inde-jected with a constitutively active (CA) form of RhoA,
we observed a pronounced increase in actin arc and pendent of Rho, whereas once arcs are formed, Rho
regulates their stability (lifetimes).central bundle density in the T zone (Figure 2D, arrow-
head) and C domain, respectively, and increased pres- Interestingly, constitutive activation or inhibition of
Rho, Rac, or Cdc42 did not significantly affect retro-ence of actin puncta (Figure 2D, open arrowhead) and
ruffles or “intrapodia” (Figure 2D, star; Rochlin et al., grade flow rates in the P domain (Table 1). In fact, domi-
nant-negative (DN) Rac1 was the only other Rho family1999) in the T zone. In live cells, imaged after CA RhoA
injection, centripetal arc translocation rates increased GTPase construct with significant effects on actin dy-
Rho-Mediated Growth Cone Retraction
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Figure 2. Rho Activation Regulates Arc Den-
sity and Translocation but not Arc Formation
(A and B) Neurons plated on poly-L-lysine
were fixed and labeled for Rho (A) and actin
filaments (B). Scale bar equals 10 m.
(C) Western blot analysis of Aplysia CNS pro-
teins with anti-Rho mAb p1D9.
(D and E) Actin filament distribution 1 hr after
injection of CA RhoA (D) or 30 min after injec-
tion of C3 transferase (E). Note increased arc
density (closed arrowheads), actin puncta
(open arrowhead), and ruffles (star) in CA
RhoA.
(F and G) Time-lapse of arc behavior in the T
zone 1 hr after CA RhoA (F) or C3 injection
(G). CA RhoA increased (line 1, 1.8 m min1)
and C3 decreased (line 2, 0.8 m min1) arc
translocation rates.
(H) Arc lifetimes depend on Rho activity. Life-
times in CA Rho likely were underestimated
because arcs are hard to follow in dense C
domain actin structure.
(I) Arc formation rate is independent of Rho.
Control (n  7), CA RhoA (n  10), and C3
(n  9), 4–5 measurements done per growth
cone, n denotes number of cells examined.
Statistical analysis: two-tailed unpaired t test.
*p  0.001.
namics, increasing the centripetal movement of arcs by (Figure 3I). Then, using fluorescent actin speckle analy-
sis of arc movement in cultured neurons, we found that26.4%  3.3% (Table 1). This is consistent with Rho
activity being negatively regulated by Rac in growth acute LPA treatments (5–8 min) increased centripetal
arc translocation rates by 46.0% 1.9% (Figure 3A) andcones, similar to previous reports in HeLa cells (Nimnual
et al., 2003). These findings suggest that under the con- chronic treatment (0.5–1 hr) by 31.2% 1.4%, relative to
pretreatment levels (Figure 3B). In all cases, there wasditions employed, retrograde actin flow in the P domain
is not a key target for regulation by any of the Rho no effect on retrograde flow rates in the P domain, and
arc translocation rates returned to control levels afterGTPases, whereas actin arcs are strongly affected by
Rho activity. LPA washout.
In chick DRG neurons, ROCK activity is required for
LPA-induced growth cone collapse (Arimura et al.,
2000). Treatment with the specific and well-character-LPA Effects on Arc Motility Are ROCK Dependent
LPA induces growth cone collapse/retraction and neu- ized ROCK inhibitor Y-27632 (10M) (Hirose et al., 1998)
decreased arc translocation rates reversibly by 34.7%rite retraction in many neuronal cell types through Rho-
dependent enhanced myosin contractility (Hirose et al., 4.3%, without affecting retrograde flow in the P domain
(Figure 3C; kymographs in Figures 3G and 3H). Cells1998; Jalink et al., 1994; Moolenaar, 1999); however,
the cytoskeletal effectors in growth cones that mediate pretreated with Y-27632 (20 M) for 18–20 min did not
respond to LPA with increased arc translocation ratesthese effects are not well understood. Using a Rhotekin
pull-down assay to quantify Rho activity, we verified (Figure 3D). Injection of CA RhoA or C3 completely
masked LPA responses (Figures 3E and 3F, respec-that LPA treatments activated Rho in Aplysia CNS tissue
Table 1. Actin Arc Translocation Is Dependent on RhoA Activation
Control C3 CA RhoA (L63) Rac (N17) Rac (L61) Cdc42 (N17) Cdc42 (L61)
P domain (m/min) 4.40  0.12 4.34  0.10 4.71  0.15 4.34  0.15 4.62  0.14 4.34  0.11 4.39  0.17
Arcs (m/min) 1.21  0.05 0.79*  0.03 1.77*  0.04 1.53*  0.04 1.20  0.03 1.19  0.04 1.18  0.03
n 35 25 26 23 23 23 20
Data were collected 1–2 hr after C3 transferase, L63 RhoA-His, N17 Rac1-GST, L61 Rac1-GST, N17 Cdc42-GST, or L61 Cdc42-His injection.
Actin filament images were acquired at 10 s intervals for at least 3 min. 5 measurements were carried out in each growth cone. n denotes
the number of cells measured. Statistical analysis was done with ANOVA, *p  0.0001.
Neuron
934
Figure 3. LPA Affects Arc Movement by
ROCK-Dependent Mechanism with No Effect
on Retrograde Flow
(A–F) P domain retrograde flow and actin arc
translocation rates assessed with FSM under
the following conditions.
(A) Acute LPA effects: LPA (20 M) treatment
for 5–8 min, then washout (n  8).
(B) Chronic LPA effects: LPA (20 M) treat-
ment for 30–60 min, then washout (n  6).
(C) Effect of ROCK inhibition on actin filament
translocation: Y27632 (10 M) treatment
for 20 min, then washout (n  8).
(D) LPA effects after ROCK inhibition: Y27632
(20 M) treatment for 18 min, then LPA (20
M) was added for 5–10 min in the presence
of Y27632, followed by washout of both drugs
(n  4).
(E and F) LPA effects in CA RhoA (E) or C3
(F) injected cells: 1 hr after CA RhoA (0.7 mg/
ml) or C3 (0.3 mg/ml) injections, LPA (20 M)
was added for 5–10 min, then washed out.
n  5 cells each condition, 5 measurements
under each condition.
(G and H) Representative kymographs show-
ing rates of P domain retrograde flow (G) and
arc lateral translocation (H) before and after
ROCK inhibition (10M Y27632 added at dot-
ted line). Data acquired at 10 s intervals for
8 min. Retrograde flow rates unchanged:
4.15  0.12 versus 4.23  0.15 (line 1 versus
2); arc translocation rates slow: 0.96  0.18
versus 0.56 0.12 (line 3 versus 4) (m min1;
mean  SD, 5 measurements). Statistical analysis by two-tailed paired t test. *p  0.001 versus control.
(I) LPA activates Rho in Aplysia neurons. CNS tissue incubated in the presence or absence of LPA (20 M) and GTP-Rho levels assessed by
rhotekin pull-down assay (Ren et al., 1999).
tively). These results show that the effects of LPA on MLCK activity is necessary both for arc translocation
and retrograde flow in the P domain, whereas the Rho/actin arcs depend on RhoA and ROCK.
ROCK pathway appears to specifically regulate arc
movement and associated myosin II contractility in theMLCK and MLCP Control Actin Arcs
T zone and C domain.Myosin light chain kinase (MLCK) and Rho pathways
Rho activation increases contractility in smooth mus-both contribute to the overall level of myosin II contractil-
cle and fibroblasts via ROCK-mediated inhibition of my-ity in smooth muscle, fibroblasts, and growth cones
osin light chain type 1 phosphatase (MLCP) (Kawano et(Parizi et al., 2000; Schmidt et al., 2002; Somlyo and
al., 1999; Kimura et al., 1996). Calyculin A is an inhibitorSomlyo, 2000); however, related effects on actin dynam-
of type I and 2A protein phosphatases (PP1 and PP2A,ics in growth cones have not been characterized. Thus,
respectively) known to inhibit MLCP and induce hyper-we investigated the effects of MLCK inhibition on arc
contractility in many systems (Gupton et al., 2002; Ki-movement and retrograde flow using ML-7, a well-char-
mura et al., 1996; Parizi et al., 2000). When neurons wereacterized MLCK inhibitor (Krarup et al., 1998; Zhou and
exposed to calyculin A (20 nM), arc translocation ratesCohan, 2001). After 20 min in ML-7 (10 M), arc translo-
were rapidly and reversibly increased by 36.3% 3.1%,cation rates and P domain retrograde flow were revers-
whereas retrograde flow rates in the P domain wereibly reduced by 45.0%  4.0% and 30.6%  4.1%,
unaffected (Figure 4C). These results are consistent withrespectively (Figure 4A), without appreciable disruption
decreases in MLCP activity specifically potentiating arcof filopodial actin bundles (see Supplemental Movie S5
motility. Interestingly, higher doses of calyculin A (100at http://www.neuron.org/cgi/content/full/40/5/931/
nM) resulted in extreme centripetal contraction of the CDC1). Longer ML-7 exposures (90 min) resulted in pertur-
domain and apparent separation from the P domain.bation of peripheral actin structure consistent with ef-
Despite gross perturbation of the C domain, retrogradefects reported in Helisoma growth cones (data not
flow in the P domain continued at control rates for someshown; Zhou and Cohan, 2001). As an alternative ap-
time (see Supplemental Movie S6 at http://www.neuron.proach, we used a synthetic inhibitor peptide 480-501
org/cgi/content/full/40/5/931/DC1), suggesting the C(SM-1), which interacts with the auto-inhibitory domain
and P domains are not strongly mechanically coupledof MLCK (Akasu et al., 1993). In SM-1-injected cells, arc
and can function independently. Finally, LPA effects ontranslocation rates decreased by 48.5% 3.4% relative
arc translocation were completely masked in cells pre-to controls, and the rate of P domain retrograde flow
treated with calyculin A (20 nM for 10–15 min; Figuredecreased by 40.6% 7.1% (Figure 4B), consistent with
the observed ML-7 effects. These results suggest that 4D), consistent with LPA acting through inhibition of
Rho-Mediated Growth Cone Retraction
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Rho Regulates MT Behavior via Effects
on Actin Arcs
Given our previous findings that arcs strongly affect MT
dynamics and organization (Schaefer et al., 2002), we
investigated how Rho and ROCK activities might affect
MT behavior. In LPA-treated neurons, increased actin
arc density (Figure 5A, arrowheads) correlated with com-
pact C domains and highly bundled MTs, often with their
plus ends bunched together (Figure 5B, blue arrow-
head). These LPA effects were dramatically suppressed
in the presence of Y-27632; specifically, arc density was
much lower, and MTs tended to splay out in broom-like
arrays (Figures 5C and 5D).
To investigate possible Rho effects on MT dynamics,
neurons were coinjected with labeled tubulin plus either
CA RhoA or C3 toxin followed by dual channel DIC/
MT fluorescent speckle time-lapse recordings. After CA
RhoA injections, MTs appeared more tightly bundled
and C domains were compact, as observed after LPA
(Figure 6A). In contrast, when Rho was inhibited with
C3, MTs were much less bundled and the C domain
tended to splay out (Figure 6B; see Supplemental Movie
S7 at http://www.neuron.org/cgi/content/full/40/5/931/
DC1), reminiscent of Y-27632 treatment (Figure 5D). Al-
though MT distribution in the P domain was not markedly
affected by changes in Rho activity, MT speckle analysis
revealed that plus end growth rates were significantly
slower in CA RhoA- (5.6 m min1; Supplemental Movie
S8) than in C3-injected cells (7.1 m min1—which is
similar to control rates; see Table 2). MT rescue frequen-
cies were notably higher with CA Rho, whereas catastro-
phe frequencies did not appear to be markedly affected.
Taken together, these results suggest that constitutive
Rho activation converts the highly dynamic MTs nor-
mally found in the P domain into MTs that behave more
like those associated with actin arcs, i.e., exhibiting slow
but more persistent growth (Schaefer et al., 2002; see
Supplemental Movie S6).
Figure 4. MLCK and MLCP Activity Modulate Arc Contractility Dual channel MT/actin filament FSM recordings (Fig-
(A) Effect of ML-7 on actin filament translocation. ML-7 (10 M) ure 6C; Supplemental Movie S9 at http://www.neuron.
added 25 min, then washout (n  6). org/cgi/content/full/40/5/931/DC1) revealed that after
(B) Effect of MLCK peptide inhibitor SM-1. Data collected 1 hr after
LPA treatment, actin arcs in the T zone guide the assem-injection of Alexa 594 phalloidin (20 M) with SM-1 (0.7–1 mM) (n 
bly (Figure 6D, pink region of interest; Supplemental10). For controls, cells were only injected with Alexa 594 phalloidin
Movie S10) of slowly growing MTs (3.9  0.6 m min1;(20 M) (n  11).
(C) Effect of MLCP inhibition: calyculin A (20 nM) was added for 5–8 see Table 2), whose catastrophe and rescue frequencies
min and then washed out (n  6). were similar to arc-associated MT controls.
(D) A MLCP inhibitor masks LPA effects: neurons pretreated with Thus, actin arcs both transport MTs (Figure 6E, blue
calyculin A (20 nM) for 10–15 min, then exposed to LPA (20 M) for region of interest) and guide their assembly trajectories,
5–10 min in calyculin A, followed by washout (n  4).
much like filopodia, with a key difference being the slow(E) A PP2 inhibitor does not affect actin filament translocation: oka-
persistent rate of arc-associated MT growth.daic acid (20 nM) was added for 5–8 min and then washed out (n 
As expected, arc-mediated MT transport rates were6). Five measurements done per condition, n denotes number of
cells examined. Statistical analysis by two-tailed paired t test (A also ROCK dependent (Figure 6F). Note that LPA treat-
and C–E) or unpaired t test (B). *p  0.001 and #p  0.005 versus ment had little effect on P domain MT dynamics; this
control, respectively. contrasts with CA Rho, where both P domain growth
rates and rescue frequencies were affected (Table 2).
These results suggest that LPA-stimulated Rho action
MLCP. Okadaic acid, which inhibits PP2A 100 times is spatially restricted to the T zone and C domain where
more potently than PP1 (Ishihara et al., 1989), had no Rho’s main effects are on actin arc lifetime and motility,
effect on arc translocation or retrograde flow rates (Fig- which in turn affect MT distribution.
ure 4E), strongly suggesting the observed Calyculin A
effects do not result from PP2A inhibition. Taken to- LPA Induces ROCK-Dependent Growth Cone
gether, these results are consistent with LPA regulating Collapse without Altering Filopodium Number
actin arc contractility via Rho and ROCK-mediated inhi- When Aplysia growth cones were plated on laminin sub-
strates, they tended to have actively protruding filopodiabition of MLCP.
Neuron
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Figure 5. LPA Effects on Actin Arcs and MT Distribution Depend on ROCK Activity
(A and B) Neurons treated 1 hr with LPA (20 M), then fixed and labeled for actin filaments and MTs.
(C and D) Neurons pretreated 15 min with Y-27632 (20 M) followed by 1 hr in LPA (20 M) plus Y-27632, then labeled as above. Yellow
arrowheads indicate actin arcs; blue arrowhead indicates bundled MTs in T zone. Yellow circles show contractile node and black asterisk
show ruffles.
that closely resemble their vertebrate growth cone coun- ture including well-defined filopodial actin bundles after
the retraction. Figure 7E is an example of a growth coneterparts (see Supplemental Movie S11 at http://www.
neuron.org/cgi/content/full/40/5/931/DC1). Under undergoing “fan shaped” collapse without significant
neurite retraction. Again, note the presence of filopodialthese plating conditions, LPA treatments resulted in ap-
parent growth cone collapse, sometimes accompanied actin bundles in the collapsed cone (arrow). These re-
sults suggested that LPA-mediated growth cone retrac-by neurite shaft retraction, in about 57% of the growth
cones tested (Figure 7A). In contrast, when neurons were tions were having modest, if any, effects on filopodial
bundle structure, as observed in growth cones platedplated on poly-L-lysine, LPA treatment often caused the
cell body to be pulled closer to the growth cones due on poly-L-lysine (Figure 5A). Indeed, quantitative analy-
sis by fluorescent actin speckle microscopy revealedto contraction of the C domain and neurite shaft (Figure
7B, black arrow; Supplemental Movie S12). Note that in that LPA-induced growth cone collapse had no effect
on filopodium number (Figure 7F).response to LPA, growth cones on poly-L-lysine re-
mained attached to the substrate and increased their In our hands, about 57% of the growth cones exam-
ined responded to LPA (20M), with collapse or collapseT zone ruffling (Figure 7B, white arrow). These results
suggest that LPA is eliciting contractile responses in the plus retraction consistent with previous reports (Saito,
1997). These responses were absent in the presence ofC domain and neurite shaft under both plating condi-
tions and that the level of substrate adhesiveness is the ROCK inhibitor Y27632 (Figures 7G and 7H) as were
increases in actin arc density (compare Figure 7G versusinfluencing the outcome of the response we observe.
On laminin substrates, growth cones tended to be 7I). Actin arcs were observed in some growth cones
after LPA treatment (Figure 7I); however, these growthsmaller and have more compact C domains; however,
actin filament and MT distributions were similar to those cones tended to have well-spread morphologies and
did not collapse. In collapsing growth cones, spatialobserved in growth cones plated on poly-L-lysine (Fig-
ure 7C). Responses to LPA typically involved the follow- differentiation between actin arcs and central actin bun-
dles was difficult due to high actin filament densities ining: (1) a reduction of P domain area, and/or (2) centripe-
tal movement of both the P and C domains. We will the T zone and adjacent C domain (Figures 7D and
7E). Thus, to quantify LPA-dependent changes in actinrefer to these processes as growth cone “collapse” and
growth cone “retraction,” respectively. Figure 7D is an structure, we measured central actin bundle density,
making the assumption that actin arcs were feeding intoexample of two growth cones undergoing collapse and
retraction; note the residual retraction fibers in LPA (ar- the central actin bundle population in collapsing growth
cones as in Figures 1E and 1F. We found that LPA signifi-rowheads) and the presence of significant actin struc-
Rho-Mediated Growth Cone Retraction
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Figure 6. RhoA Activity Controls MT Distribution and Behavior in the T Zone and C Domain
(A–C) Double channel (DIC/MT) time-lapse FSM (A and B) and MT/Actin TIRF speckle microscopy (C). C domain boundaries outlined in blue.
Data were acquired 1 hr after CA RhoA (A) or C3 transferase (B) injection and 15 min post LPA treatment (C). Note bundled MTs in C domain
of CA Rho-injected and LPA-treated cells (arrow) versus C3.
(D) Time-lapse montage of region of interest from (C) (pink) showing example of MT growth along arc. Yellow line marks plus end of MT with
growth rate 4.0 m min1.
(E) Time-lapse montage of region of interest from (C) (blue) showing coupled MT/arc movement (1.6 m min1) toward C domain.
(F) MT movement coupled to arc translocation is ROCK dependent. Kymograph from live cell experiment showing movement of arcs and
MTs are coupled both before (line 1; 0.70 m min1) and after Y-27632 (20 M) treatment (line 2; 0.36 m min1). Scale bar equals 10 m.
cantly increased central actin bundle density relative to strates. What role does retrograde actin flow play in
growth cone collapse and retraction? To address thiscontrols, whereas after ROCK inhibition, bundle density
was decreased even in the presence of LPA (Figure 7J). question, neurons were plated on laminin substrates
and injected with a fluorescent actin tracer, and actin
dynamics were assessed using Total Internal ReflectionGrowth Cone Collapse and Retraction
Are Independent of Peripheral Fluorescence (TIRF) speckle microscopy. TIRF imaging
enables very thin (100 nm) optical sectioning with excel-Retrograde Actin Flow
Rho activation increased actin arc and C domain con- lent signal/noise characteristics (Axelrod et al., 1983).
Importantly, this technique facilitated investigation oftractility without affecting rates of retrograde actin flow
in the P domain (Figures 1–6) on poly-L-lysine sub- LPA effects on actin dynamics because of slower fluo-
Table 2. Constitutive RhoA Activation Dampens Peripheral MT Dynamics
CA RhoA C3 LPA LPA Control Control
Parameters P Domain P Domain P Domain Arc-Assoc. P Domaina Arc-Assoc.a
Growth 5.6*  0.3 7.1  0.5 6.5  0.4 3.9  0.6 6.9  0.3 3.8  1.4
Shortening 9.0 0.7 9.9  1.2 9.9  0.7 4.1  0.9 11.5  0.5 3.1  1.3
Catastrophe frequency 0.80 0.98 0.86 0.28 1.00 0.28
Rescue frequency 2.43 1.51 1.49 3.94 1.40 5.68
Peripheral MT growth rate decreased and rescue frequency increased in CA RhoA-injected cells relative to C3-injected or LPA (20 m)-treated
cells. CA RhoA (n  34), LPA treatment (P domain n  39 and arc-associated n  14), and C3 (n  32). n  number of MTs analyzed, each
data set compiled from at least 3 separate experiments. Data collected 1–2 hr after injection of CA RhoA and C3 or 30–90 min in LPA. Units:
rates, m min1; catastrophe and rescue frequencies, min1. Fluorescence images collected at 10 or 12 s intervals 500 s elapsed time.
a Control data for comparison from (Schaefer et al., 2002). Statistical analysis: two-tailed unpaired t test. *p  0.0005, when compared with
C3 or control P domain MT growth rates.
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Figure 7. LPA Induces Growth Cone Collapse through ROCK Activation
All records except (B) on laminin substrates.
(A) Growth cone retraction after 60 min in LPA (20 M) on laminin substrate. White arrowheads indicate filopodia tips in control; black
arrowheads show residual retraction fibers after LPA; black arrow points to twist in contracted neurite shaft. Dotted line is cell body boundary.
(B) LPA (20 M) effects on poly-L-lysine substrate: dotted lines mark cell body boundary before LPA. Black arrow indicates displacement of
cell body; white arrow shows increased membrane ruffling.
(C) Cytoskeletal structure: living neuron (DIC), fixed and labeled for actin filaments and MTs. Dotted line: lamellipodium boundary.
(D and E) LPA-induced GC collapse: DIC images before and after 60 min LPA (20 M) followed by actin filament labeling. White and black
dotted lines: lamellipodium boundary before and after LPA, respectively. Arrowheads: residual retraction fibers. Arrow in (E) indicates filopodia.
(F) Filopodia number unchanged by 20 M LPA treatments (n  10). Filopodia counts in LPA normalized to controls counted 30 min before
LPA exposure. n denotes number of cells examined.
(G) LPA GC collapse is ROCK dependent: cells pretreated with Y-27632 (20 M) for 15 min and then exposed to LPA for 60 min plus Y-27632,
then labeled for actin filaments.
(H) Summary of LPA effects and ROCK inhibition. Conditions: 20 M LPA, 1 hr (5 experiments, n 111GCs); or pretreated with 20 M Y-27632,
15 min followed by 20 M LPA, 1 hr, plus Y-27632 (3 experiments, n  107 GCs). GC collapse assessed by FSM. Data expressed as the
percentage of total GCs counted for each treatment.
(I) Actin arc density is increased by LPA (20 M, 60 min). Arrow, actin arcs; dotted line in MT channel is P domain boundary.
(J) LPA-induced increase in central actin bundle density is ROCK dependent. Growth cones treated as in (H), fixed and labeled for F actin.
To quantify central actin bundle density, an edge detection filter was used to enhance longitudinal structures in the C domain. Then, pixel
intensity was sampled perpendicular to the neurite shaft. Representative line scans in LPA and Y-27632  LPA shown in top two panels.
Pixel intensity levels (AU) 40% of the line scan maximum were counted as central actin bundles. Arrows denote T zone/C domain boundary.
Average results shown in bottom panel for control (n  20 GCs), LPA (n  12 GCs), and Y-27632  LPA (n  10 GCs). Two-tailed unpaired
t test. *p  0.001 versus control. Scale bars equal 10 m.
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Figure 8. LPA Induces Growth Cone Col-
lapse Independent of Peripheral Retrograde
Actin Flow
(A) Comparison of Alexa 488 phalloidin (20
M) and Alexa 568 G actin (0.5 mg/ml) as
probes for actin dynamics in living cells. Note
increased contrast of arcs and decreased la-
beling of leading edge with phalloidin relative
to G actin (see text for details). Curve, lamelli-
podium boundary; arrowhead, actin arcs.
(B–F) GC collapse and axon retraction in re-
sponse to LPA. Neurons were cultured on
laminin-coated coverslips for 2 days, and ac-
tin images were acquired using TIRF speckle
microscopy before and after LPA (20 M) ex-
posure.
(B) Example of growth cone retraction.
Dashed line, lamellipodium boundary; arrow-
head, actin bundles in C domain; arrow, resid-
ual retraction fibers.
(C) Kymograph sampled in region indicated
by double-head arrow in (B), showing that
filopodia retrograde flow rates (white line
slopes, 6.0 m/min) do not change in LPA.
Dashed lines indicate retraction of P domain
leading edge and T zone over time in LPA at
a rate of 0.46 m/min.
(D) Example of fan-shaped growth cone col-
lapse and retraction.
(E) Kymograph sampled from P domain in (D)
showing no change in filopodial flow rates
after LPA treatment (5.0 m min1).
(F) Rate of central actin bundle movement
increases after LPA treatment (individual line
slopes: control, 1.9 and 1.3 m min1; LPA,
2.6, 3.1, and 3.0 m min1.
(G) Average P domain retrograde flow rates
do not change during LPA-mediated growth
cone collapse and retraction. Flow rates mea-
sured by FSM before and after LPA (20 M,
60 min) exposure (n  4). 5 measurements
per time point. n denotes number of cells.
Scale bars equal 10 m.
rescent probe photobleaching and low phototoxicity rel- labeling, which increases gradually, moving away from
the leading edge where actin filaments are assembledative to conventional multimode epifluorescence im-
aging (unpublished observations). Use of TIRF also (Forscher and Smith, 1988).
Figure 8B shows a time-lapse series of a growth coneallowed us to assess actin behavior in the C domain and
T zone, which are too thick to provide useful information labeled with Alexa 594 phalloidin and treated with LPA.
Central actin bundle density rapidly increased in LPAusing conventional epifluorescence imaging.
We chose fluorescent phalloidin for these experi- (arrowheads), and the growth cone underwent steady
retraction (see Supplemental Movie S14 at http://www.ments because this probe generates more contrast than
G actin, when imaging actin bundle dynamics in arcs neuron.org/cgi/content/full/40/5/931/DC1). Note that
the actin dots seen in the upper portion of the last paneland filopodia. This difference is illustrated in Figure 8A
(also Supplemental Movie S13 at http://www.neuron. (arrow) are due to the presence of retraction fibers (as
in Figures 7A and 7D) containing residual actin filamentsorg/cgi/content/full/40/5/931/DC1), which shows a tri-
ple channel record of a living growth cone injected with that gradually lose their ability to exhibit directed retro-
grade movement (see Supplemental Movie S14). Actinboth fluorescent phalloidin and G actin. Note the higher
contrast of actin arcs (arrowheads) in the phalloidin rela- filament movements during the entire LPA response
were quantified by creating a kymograph (Figure 8C)tive to the G actin channel and that use of phalloidin as
a label in living cells can lead to underestimates of actin using a sampling window parallel to the growth cone’s
retraction path (Figure 8B, double headed arrow).filament density in regions of rapid actin assembly and/
or turnover. The latter is due to the relatively slow on Growth cone retraction is indicated by the two dotted
lines that mark the retracting leading edge and T zone.rate constant for phalloidin binding to actin filaments as
they form (De La Cruz and Pollard, 1994). The results of Note that as the P domain retracts at a rate of 0.46 m/
min (slope of dotted lines), it moves as a functionallyslow phalloidin binding can be appreciated in Figure 8A
by comparing G actin labeling (visible all the way out intact unit, with no change in peripheral retrograde flow
rate (slope of solid lines, 6.0 m/min) over time, andto the leading edge of the P domain), with phalloidin
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not different from pretreatment control rates. Figure 8D movement was decreased by ROCK and MLCK inhibi-
tion and increased after MLCP inhibition (Figures 3 andshows an example of a fan-shaped growth cone col-
4), consistent with them being actin-myosin II-depen-lapse similar to that in Figure 7E. The collapse results
dent contractile structures that are apparently regulatedfrom compaction of the filopodia into the T zone, again
much like stress fibers in fibroblasts. Immunolocaliza-with no change in filopodia number or retrograde flow
tion of Rho (Figure 2A) and ROCK (data not shown) inmeasured in the P domain (Figure 8E, kymograph). Fig-
the C domain, as well as reported binding of MLCP toure 8G confirms that average retrograde flow rates in
MTs (Takizawa et al., 2003) may contribute to the highthe P domain do not change after LPA exposure in a
level of contractility observed in the neurite shaft afterpopulation of growth cones where both collapse and
LPA treatment (Figures 7 and 8). Importantly, MLCKretraction were observed. In marked contrast, rates of
inhibitors affected both peripheral flow and arc translo-central actin bundle movement toward the cell body
cation, whereas Rho or ROCK inhibition only affectedincreased with LPA treatments (Figure 8F, kymograph
arc translocation, with no effect on P domain retrogrademeasured in “C” region of Figure 8D). In summary, this
flow (Figures 2 and 3). These findings reveal a new leveldata strongly suggests that growth cone retractions trig-
of domain specialization in the growth cone. MLCK func-gered by Rho/ROCK activation occur as a result of a
tion appears to be spatially pervasive, whereas ROCKcontractile response in the T zone and C domain, inde-
regulation is restricted to the T zone and C domain. Apendent of peripheral actin flow or changes in filopo-
similar spatial segregation of control has been reporteddium number.
in fibroblasts where assembly of stress fibers in the
center of cells (analogous to the C domain) requiresDiscussion
ROCK activity, whereas peripheral stress fiber formation
is MLCK dependent (Totsukawa et al., 2000).Despite multiple lines of evidence suggesting Rho
What is the mechanism of arc contraction? A usefulGTPases are important in neuronal morphogenesis and
model for actin-myosin II network contractility has beenaxon guidance (Luo, 2000), a clear picture of how these
described for motile epidermal cells (Svitkina et al.,molecular switches regulate cytoskeletal protein dy-
1997). The authors proposed that myosin II filamentsnamics and structures has yet to emerge. The ubiquitous
are integrated into actin networks assembled in the P“fibroblast model,” which has implicated Cdc42, Rac,
domain, where they are essentially actin crosslinkersand Rho in regulation of filopodia, ruffling, and stress
until local “dynamic network contraction” is initiated infiber formation, does not map easily to growth cones,
the T zone. A similar process may be driving arc move-where clear analogs of stress fibers and ruffles have not
ment (Figure 9), with contraction being triggered by lo-been described. In the current study, we address how
calized increases in Rho/ROCK activity and/or intracel-MT and actin filament dynamics and MT-actin interac-
lular Ca in the T zone (data not shown). Our resultstions are affected by Rho activity and during LPA-medi-
suggest that Rho/ROCK activity increases arc stabilityated retraction responses. The following main findings
(Figure 2H) and contractility, consistent with reportedemerge: (1) classical P domain retrograde actin flow
effects on stress fibers (Somlyo and Somlyo, 2000). Ourfunctions independent of RhoA and ROCK pathways;
calyculin A results also suggest that MLCP could regu-(2) actin arcs and central actin bundles are cytoskeletal
late arc and central actin bundle stability. Interestingly,effectors that mediate Rho/ROCK-dependent growth
arc formation was relatively insensitive to changes incone collapse and retraction; (3) growth cone retractions
Rho activity (Figure 2I)—understanding the mechanismoccur without changes in peripheral retrograde actin
of arc formation will likely be important.
flow or filopodium number; and (4) Rho-dependent
What about retrograde actin flow? This process has
changes in actin arc behavior affect MT organization and
been extensively described in growth cones (Forscher
assembly dynamics. Implications are considered below. and Smith, 1988; Luo, 2000; Mitchison and Kirschner,
1988) and, despite lack of experimental evidence, has
Rho Regulation of Actin Arc Contractility been implicated in Rho-dependent growth cone retrac-
In well-spread growth cones on either poly-L-lysine or tion responses (Goldberg, 2003; Huber et al., 2003).
laminin substrates, actin arcs form periodically in the T Here, we provide evidence that contradicts this view.
zone from condensation of preexisting peripheral actin Specifically, retrograde actin flow in the P domain not
networks (Figure 1C). Arcs move laterally into the C only functions independent of Rho and ROCK activity,
domain as a result of circumferential shrinkage and but apparently also of Cdc42 and Rac (Table 1). Further-
eventually form central actin bundles (Figures 1E and more, retrograde flow did not change during growth
1F, Supplemental Movie S3 at http://www.neuron.org/ cone collapse elicited by LPA treatments (Figure 8G).
cgi/content/full/40/5/931/DC1). Several lines of evi- Note that we initially reported retrograde flow could not
dence suggest arc and central bundle movements are be driven by actin assembly (Forscher and Smith, 1988)
being coordinately driven by actomyosin contractility. and was myosin dependent (Lin et al., 1996). Recent
First, bipolar myosin II mini-filament structures have studies differ as to whether a conventional myosin II
been localized to the C domain and T zone in growth (Brown and Bridgman, 2003a, 2003b) or unconventional
cones (Bridgman, 2002; Rochlin et al., 1995). Second, myosin 1c (Diefenbach et al., 2002) is involved. Here we
myosin II activity is potentiated by MLCK and ROCK show that retrograde flow in the P domain is indeed
(Somlyo and Somlyo, 2000). ROCK directly activates sensitive to MLCK inhibitors, consistent with a role for
myosin II by myosin regulatory light chain phosphoryla- myosin II; however, the 40% decrease in flow rates
tion (Amano et al., 1996) and inhibits MLCP (Kawano et observed (Figure 4) leaves open the possibility that other
factors may be involved.al., 1999; Kimura et al., 1996). Indeed, we found arc
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Figure 9. Growth Cone Retraction Model
(A) On poly-L-lysine substrates, growth cones
are well spread. Rho-dependent actin arcs
form periodically in T zone (light blue) from
condensation of peripheral networks
(hatches) and move laterally toward the C do-
main as a result of circumferential shrinkage
and can merge to form central actin bundles
(red arrows). Arcs transport associated MTs
(yellow) into C domain. Inset: our results are
consistent with “local network contraction”
model (Svitkina et al., 1997) involving activa-
tion of actin-myosin II complexes in T zone.
Rho-independent arc formation is followed
by Rho-dependent arc contraction. A highly
dynamic population of MTs (green) explores
the P domain by plus end assembly guided
by filopodia (red). MTs are simultaneously
transported out of P domain by retrograde
flow, resulting in buckling (1) and breakage
(2) in the T zone where filopodia are severed
and recycled (3) (see Schaefer et al., 2002).
(B) Rho or ROCK inhibition attenuates arc
density and movement, resulting in splayed
MTs and C domain spreading. Retrograde
flow and MT transport by filopodia in the P
domain are not affected.
(C) On laminin substrates, growth cones are smaller and highly dynamic with compact C domains. Rho activation results in growth cone
retraction driven by increased actin arc and central actin bundle density and contractility. As the C domain retracts, peripheral retrograde
actin flow and filopodium number are unaffected. Actin dots associated with retraction fibers are present but exhibit no directed motility.
The Influence of Growth Substrates zone were much less dynamic than MTs in the P domain,
exhibiting slow persistent growth (Schaefer et al., 2002).On the poly-L-lysine substrates, contractions in the neu-
rite shaft pulled cell bodies toward well-attached growth Interestingly, CA RhoA injections resulted in MTs in the
P domain having persistent growth characteristics muchcones, whereas on laminin, growth cone retractions and
collapse were often observed. The presence of LPA- like MTs normally associated with actin arcs (Table 2).
This may be a consequence of spatially unregulated CAmediated contractile responses on both substrates sug-
gest a common underlying cell biological process at Rho activity, since LPA treatments did not significantly
alter MT dynamics in the P domain. Thus, LPA’s mainwork under different conditions of cell adhesion. Specifi-
cally, on laminin, growth cone adhesion may not be MT effects appear to stem from increased actin arc
density, which leads to more arc-associated MTs. Theable to withstand contractile forces generated in the C
domain/axon shaft, resulting in retraction, whereas C formin family protein, mDia, is a potential candidate for
mediating the observed MT stabilizing effects, as mDiadomain contractions tend to pull the cell body toward
growth cones tightly adhered to poly-L-lysine. These stabilizes MTs (Palazzo et al., 2001) and aligns them
parallel to actin bundles after Rho activation in fibroblastresults do not rule out the possibility that growth sub-
strates might alter the cell’s biochemical state or more cell lines (Ishizaki et al., 2001).
complex response scenarios such as LPA-regulated de-
adhesion; however, LPA has been reported to increase, Growth Cone Retraction and Collapse
not decrease, adhesion to laminin in Schwann cells without Changing Retrograde Flow
(Weiner et al., 2001), making this possibility less com- or Filopodium Number
pelling. When growth cones were plated on laminin substrates,
they responded to LPA treatments with collapse or re-
traction responses about 57% of the time, consistentArcs Coordinate MT Behavior in the T Zone
and C Domain with previous reports (Saito, 1997; Yuan et al., 2003);
however, collapsed and retracted growth cones still hadActin arcs constantly pick up MTs in the T zone and
transport them into the C domain, where they become well-defined filopodial structures (Figures 7D and 7E)
and filopodia number did not change (Figure 7F). Indeed,bundled (Schaefer et al., 2002). We found that Rho acti-
vation increased arc lifetimes and the rate of arc-associ- LPA appeared to enhance peripheral actin structures,
including filopodia (cf. Figure 5A) on poly-L-lysine sub-ated MT transport, which resulted in more compact C
domains (Figures 5 and 6). In contrast, after Rho or strates. These results are consistent with studies in Heli-
soma growth cones, where LPA inhibited the destabiliz-ROCK inhibition, MTs in the C domain were splayed
out (Figures 5 and 6). This MT redistribution appears to ing effects of ML-7 on filopodial actin bundle structures
(Zhou and Cohan, 2001). This study and a subsequentoccur by relaxation of constraints normally imposed on
MTs by constitutive centripetal movement of actin arcs one (Zhou et al., 2002) proposed MLCK inactivation,
leading to local disruption of filopodium structure, as a(Figure 6E). What about effects on MT dynamics? We
previously reported that arc-associated MTs in the T potential mechanism for growth cone steering or col-
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lapse. However, studies of chemorepellant ligands in- An intriguing alternative possibility is that changes in
MT distribution after Rho inhibition alters signaling be-cluding LPA, Ephrin A, and semaphorin (Hu et al., 2001;
Jalink et al., 1994; Wahl et al., 2000) suggest that potenti- tween C and P domains. An important issue raised by
this kind of mechanism is whether Rho inhibition resultsation of MLCK activity by the Rho/ROCK pathway is
involved in these retraction and collapse responses. in gain or loss of instructive guidance capabilities—
perhaps axons exhibit more permissive growth simplyWhether MLCK inhibition is a physiological mechanism
for growth cone collapse or avoidance responses re- by ignoring potentially important repellant cues.
mains an open question.
Experimental ProceduresUsing TIRF actin speckle microscopy, we were able
to directly address the cytoskeletal dynamics underlying
Cell Culture and Chemicals
LPA-mediated retraction and collapse responses on Primary culture of Aplysia bag cell neurons was as previously de-
laminin substrates. Our findings strongly suggest that scribed (Forscher et al., 1987). For growth cone collapse assay,
LPA treatments promote contraction of actin bundles cells were plated on coverslips treated with poly-L-lysine plus 25
g/ml laminin (GIBCO-BRL) and typically used 2 days later. LPAin the C domain, which in turn lead to gradual retraction
(lysophosphatidic acid) sodium salt was from Sigma-Aldrich andof the P domain. Importantly, the P domain retracts
Y-27632, ML-7, Myosin light chain kinase inhibitor peptide 480–501essentially as an intact structural unit, with no change
(SM-1) and Calyculin A were from Calbiochem. C3 transferase, L63
in peripheral retrograde flow or filopodium number (Fig- RhoA-His, L61 Rac1-GST, N17 Rac1-GST, L61 Cdc42-His, and N17
ures 8B–8D; Supplemental Movie S14 at http://www. Cdc42-GST were from Cytoskeleton (Denver, CO); biological activity
neuron.org/cgi/content/full/40/5/931/DC1). The ability of all Rho family GTPase constructs was confirmed by the manufac-
turer.of the P domain to maintain its motility and structure
during an avoidance response could help growth cones
Solutionsintegrate and actively respond to multiple incoming
Artificial seawater (Na-ASW) contained (in mmol/l) 400 NaCl, 10 KCl,guidance cues.
15 HEPES, 10 CaCl2, and 55 MgCl2 at pH 7.8. Low ionic strengthWhat role do actin arcs play? Actin arcs are not a ASW (LIS-ASW) was used for LPA experiments (in mmol/l): 100 NaCl,
unique feature of Aplysia growth cones and are visible 10 KCl, 15 HEPES, 5 CaCl2, 5 MgCl2, and 800 Glycine at pH 7.8. Na-
in published images from both invertebrate (Welnhofer AWS and LIS-ASW were supplemented with 3 mg/ml BSA and 0.25
mM Vitamin E before experiments.et al., 1999) and vertebrate (Buck and Zheng, 2002; Ev-
ans et al., 1997) species. In the current study, actin arcs
Immunocytochemistry and Western Blottingwere evident in growth cones plated on poly-L-lysine
Immunofluorescence was as previously described (Lin andand in well-spread growth cones plated on laminin (Fig-
Forscher, 1993). Alexa-Fluor 594- or Alexa-Fluor 488-conjugated
ure 7I). During LPA-mediated retraction/collapse re- phalloidin (Molecular Probes) was used for actin filament labeling.
sponses, it was difficult to clearly delineate actin arcs Cells were stained for 1 hr to visualize fine actin structures. For Rho
and MT labeling, mouse mAb clones p1D9 and B-5-1-2 (Sigma-from central actin bundles; however, we consistently
Aldrich) were used, respectively, with Alexa-Fluor 488- or Alexa-observed increased central actin bundle density (Fig-
Fluor 350-conjugated goat anti-mouse secondary antibody (Molecu-ures 7J and 8B) and faster centripetal bundle movement
lar Probes). Images were acquired using a Nikon Eclipse TE300(Figure 8F), and the former observation is in line with a
microscope with a Coolsnap HQ cooled CCD camera (Roper Scien-
recent related study in DRG neurons (Borisoff et al., tific) and Metamorph software (Universal Imaging). Western blots
2003). Given our evidence that actin arcs are central were made with adult Aplysia CNS tissue homogenized in 50 mM
HEPES (pH 7.2), 140 mM NaCl, 1% Tween-20, 0.1% Triton X-100,actin bundle precursors (Figures 1E and 1F; Supplemen-
0.1% deoxycholate, 0.1% SDS, 1 mM PMSF, and 0.1 mg/ml soybeantal Movie S3 at http://www.neuron.org/cgi/content/full/
trypsin inhibitor. Lysates were cleared by centrifugation, resolved40/5/931/DC1) and that both arcs and central bundles
on 12% SDS-PAGE, and transferred to nitrocellulose membranesare sensitive to Rho/ROCK manipulations, we suggest
(Schleicher & Schuell). Immunostaining was by ECL (Amersham
these structures are part of a contiguous myosin II- Pharmacia Biotech). Anti-Rho antibody p1D9 was used at 1:100.
dependent contractile system in the C domain and pos-
sibly the entire axon shaft. This conceptual framework Rho Activity Assay
Rho activity was assessed as previously described (Ren et al., 1999).is consistent with studies that suggest neurites can exert
Aplysia CNS incubated overnight in 6 mg/ml dispase (BoehringerRho-dependent actomyosin contractile force (Jalink et
Mannheim) in L15/ASW to facilitate penetration of LPA. CNS wasal., 1994).
washed three times in LIS-ASW and incubated for 1 hr at RT in LIS-
ASW with or without 20 M LPA. CNS was lysed on ice in 25 mM
Implications for Growth Cone Function HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1% NP-
40, and 2% glycerol buffer containing protease inhibitor cocktailRecent studies indicate that Rho or ROCK inhibition
(Cytoskeleton). After centrifugation at 12,000 	 g for 5 min at 4
C,can promote neurite outgrowth on normally inhibitory
extracts were incubated for 1 hr 4
C with glutathione S transferasesubstrates in vitro and increase axon regeneration in
(GST)-rhotekin coupled to glutathione-Sepharose beads (Cytoskele-
situ (Dergham et al., 2002; Lehmann et al., 1999). ton). Beads were washed three times with lysis buffer and boiled
How might our results relate to these findings? After for 5 min in sample buffer. The amount of active Rho (GTP bound
Rho inhibition, decreased actin arc stability and slowing form) was determined by Western blotting using mouse monoclonal
antibody p1D9 to Rho diluted to 1:100.of MT transport by arcs might promote axon growth by
lowering a “barrier” to C domain advance. Indeed, we
Microinjectionoften observe slight C and T domain advance in the
Microinjection protocol was as described previously (Lin andpresence of Rho inhibition; however, MTs did not appre-
Forscher, 1995). For actin dynamics, neurons were injected with
ciably invade the P domain—likely as a result of retro- Alexa-Fluor 594 or Alexa-Fluor 488 phalloidin (needle concentration
grade actin flow, which continues to transport MTs effi- 20 M) or Alexa-Fluor 568 G actin (needle concentration 0.5 mg/
ml; Molecular Probes). For MT dynamics, neurons were injectedciently out of the P domain after Rho or ROCK inhibition.
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with 1 mg/ml Alexa-Fluor 594-labeled tubulin (Molecular Probes). increased in growth cones from myosin IIB knockout mice. J. Cell
Sci. 116, 1087–1094.For Rho GTPases experiments, C3 transferase (0.3 mg/ml), L63
RhoA-His (0.7 mg/ml), N17 Rac1-GST (1.0 mg/ml), L61 Rac1-GST Buck, K.B., and Zheng, J.Q. (2002). Growth cone turning induced
(1.0 mg/ml), N17 Cdc42-GST (1.0 mg/ml), or L61 Cdc42-His (0.4 by direct local modification of microtubule dynamics. J. Neurosci.
mg/ml) were included in the injection needle with cytoskeletal 22, 9358–9367.
probes. Reagent or vehicle solution injections were typically 10%
De La Cruz, E., and Pollard, T.D. (1994). Transient kinetic analysisof cell volume. After microinjection, cells were incubated in L15/
of rhodamine phalloidin binding to actin filaments. BiochemistryASW 1 hr before imaging.
33, 14387–14392.
Dergham, P., Ellezam, B., Essagian, C., Avedissian, H., Lubell, W.D.,Quantitative Actin and MT Dynamics and Multimode FSM
and McKerracher, L. (2002). Rho signaling pathway targeted to pro-Actin filament and MT dynamics were assessed by FSM (Waterman-
mote spinal cord repair. J. Neurosci. 22, 6570–6577.Storer et al., 1998; Waterman-Storer and Salmon, 1998). Multimode
time-lapse microscopy was as previously described (Schaefer et Dickson, B.J. (2001). Rho GTPases in growth cone guidance. Curr.
al., 2002). Briefly, images were acquired using 10–12 s intervals and Opin. Neurobiol. 11, 103–110.
300–700 ms integration times for fluorescent probes and 50 ms Diefenbach, T.J., Latham, V.M., Yimlamai, D., Liu, C.A., Herman,
for DIC. Time-lapse movie sequences were converted into image I.M., and Jay, D.G. (2002). Myosin 1c and myosin IIB serve opposing
montages and kymographs for data analysis. For kymographs, aver- roles in lamellipodial dynamics of the neuronal growth cone. J. Cell
age intensity values of line scans sampled along the indicated axis Biol. 158, 1207–1217.
of movement were plotted as a function of time and speckle dis-
Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cellplacement slopes used to calculate movement rates. Kymographs
biology. Nature 420, 629–635.were also used to measure arc lifetimes and count arc formation
Evans, L.L., Hammer, J., and Bridgman, P.C. (1997). Subcellularfrequency. For quantification of arc translocation rates, arc lifetimes,
localization of myosin V in nerve growth cones and outgrowth fromand arc formation frequency, region of interests were typically adja-
dilute-lethal neurons. J. Cell Sci. 110, 439–449.cent to the axis of neurite extension (e.g., Figure 1A, Box 2) where
arcs could be visualized independent of actin-based ruffling. Total Forscher, P., and Smith, S.J. (1988). Actions of cytochalasins on
Internal Reflection (TIRF) microscopy was performed on a Nikon the organization of actin filaments and microtubules in a neuronal
Eclipse 2000 multimode TIRF microscope prototype. Data are ex- growth cone. J. Cell Biol. 107, 1505–1516.
pressed as mean SEM, unless stated otherwise. Statistical analy-
Forscher, P., Kaczmarek, L.K., Buchanan, J.A., and Smith, S.J.
sis was done with two-tailed paired or unpaired t test or ANOVA.
(1987). Cyclic AMP induces changes in distribution and transport
of organelles within growth cones of Aplysia bag cell neurons. J.
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